We have verified whether the temperatures in the zone of terminal leaders of saplings (+100 cm) were less extreme than the temperatures in the zone of terminal leaders of common-sized planting stock (+30 cm). In May and June of 2011 and 2012 we investigated the occurrence of late frosts at different levels above the ground. The number of days and amount of hourly frost records were counted and the sum of sub-zero temperatures was calculated. Our study confirmed that sub-zero temperatures mostly occur at levels near the ground. Therefore, on the sites exposed to late frosts, such as mountain frost hollows, in addition to common-sized planting stock we recommend to consider also the use of large-sized transplants (saplings), since their terminal buds are mostly above the zone near the ground most endangered by frost.
Sub-zero temperatures occurring during the growing season can cause serious damage to forests (Hawe, Short 2012) . The negative impact of low temperatures is noticeable especially in spring (in May and at higher altitudes also in June) when the young leaves and needles have not fully matured yet.
Some mountain sites in Central Europe are often predisposed to frost events during the whole vegetation periods (Jůza 2011) . Rapid declines in temperature in the growing season are mostly connected with nocturnal radiation inversions in shallow valleys, so called frost hollows. Cold air accumulates in basinshaped valleys with shallow slopes and forms pools of cold air (Vysoudil 1997 ). The energy balance of frost hollows is particularly influenced by limited mixing and movement (Greene, Nelson 1982) .
Due to the flat relief with the shallow valleys, the ridge areas of the Jizerské hory Mts. are ideal for frequent occurrence of frost hollows. One of the most noticeable areas of frost hollow is situated in the Jizerka valley. It is especially in spring and in autumn (less often during the summer months too) that temperature inversions close to the ground surface can cause near ground frosts (Balcar, Špulák 2006) .
A forest stand alleviates climatic extremes in comparison with open land (Bäucker, Eisenhauher 2001) . Extreme damage by low temperatures to flushing buds and freshly sprouted shoots of forest plantations was recorded previously on former salvage plots without forest shelter (e.g. Jordan, Smith 1995) . Thus, on mountain clearcut tracts, rapid height growth in the initial years acts against mortality, because it quickly gets the terminal leaders of trees above the zone of ground frosts and competing weeds .
The climate of the Jizerské hory Mts. is typical of an area with high precipitation in the Czech Republic; the annual mean fluctuates between 800 mm at lower elevations and 1,700 mm at high mountain elevations. The whole forest region of the mountains was formerly exposed to pollution and damaged by bark beetle (Slodičák et al. 2009 ). North-western winds prevail; this transported airborne pollution from German and Polish sulphur emission-sources. Besides browsing and poor soils, high snow levels and strong wind, trees are exposed to extreme early and late frosts. The growing season on the plateau lasts less than 100 days per year and night frost is often recorded in the course of this short period. The severity of early and late frosts can vary between different air and ground layers (Balcar et al. 2011) .
It is known that the variation in temperatures is lower under the canopy of forest stand and also that frost episodes occur less frequently on sites sheltered by canopy (Blennow 1998; Langvall, OttossonLöfvenius 2002; Špulák 2009a etc.) . The microclimate of woodland is generally more conducive to tree establishment than an open-field situation (Hawe, Short 2012) . Temperature decrease during clear and calm nights depends on air and soil humidity and the effect is pronounced when the soil moisture is low (Langvall, Ottosson-Löfvenius 2002) .
Only late frosts in the near-ground zone are common in Central Europe. Very severe frosts at several meters or even several tens of meters above the ground, as described by Strasser (2011) , are exceptional: on 3 rd and 4 th May 2011 temperatures dropped down to -5°C. Damage occurred even on adult trees, but also on younger trees protected by being under a forest canopy. Besides dieback, the stem form of trees planted in open fields may deteriorate due to late spring frost, exposure to cold and wind (Hawe, Short 2012) .
It is clear that microclimate plays a significant role in determining the vitality of forest plantation. The occurrence of late and early frosts might justify the use of large-sized planting stock on the specific sites as mountain frost hollows. The aim of this article is to compare the occurrence of sub-zero temperatures during the growing season, at different heights above the ground under the conditions of mountain frost-hollows and on the nearby slopes. An understanding of the frequency of nocturnal frosts could help in choosing the right reforestation methods and silvicultural measures.
MATERIAL AND METHODS
The study area is situated in the Jizerské hory Mts., the northernmost mountain range in the Czech Republic. The mean annual air temperatures (1997) (1998) (1999) (2000) (2001) (2002) (2003) (2004) (2005) (2006) (2007) (2008) (2009) (2010) in the Jizerka research plot, which is located close to the monitored localities, were 5.0°C at 200 cm and 5.6°C at 30 cm above the ground. The higher mean annual temperature near the ground (+30 cm) was caused by insulation from snow, since the temperature of snow does not drop much below 0°C .
To obtain relevant temperature data, automatic temperature loggers Comet S0141 with Pt1000TGL40 sensors were used (Comet Systems Ltd., Rožnov pod Radhoštěm, Czech Republic). The first two loggers were installed in autumn 2009; the next three loggers were installed in May 2010. In spring 2012 the period of the study was extended and further eight data loggers were installed -4 under slope conditions and 4 under shallow valley conditions. An overview of locations is shown in Table 1 . Detailed data regarding two early vegetation periods (May and June, 2011 and for four data loggers (that were already in operation in spring 2011) are presented. Summary data from the 2012 growing season (excluding May) is presented for all data loggers installed later. The temperature was monitored at three different heights: 200 cm, 100 cm and 30 cm above the ground. Temperature was recorded at hourly intervals, to the nearest ± 0.1°C. The data were collected throughout the years 2010-2012, so together the temperature extremes were recorded over three successive springs. Our attention was given to the periods from May 1 to June 30, because the temperature extremes in those periods affect the sprouting trees most intensively. The snow often covers the temperature sensor at + 30 cm even during April. Furthermore, trees do not usually sprout (and therefore do not become more susceptible to frost damage) in the area until the beginning of May. Therefore the temperatures were evaluated only from the beginning of May.
The comparison of temperature characteristics at the different heights above the ground was assessed using two criteria: -number of nights when the minimum temperature dropped below 0°C to a certain temperature interval (see the text below), -number of hourly frost records in particular temperature intervals. The set of temperature intervals was as follows: -0.1 to -2°C; -2.1 to -4°C; -4.1 to -6°C and less than -6°C. The numbers of freezing nights in particular intervals (see Tables 3 and 4 ) represent the number of the nights when the lowest temperature (recorded during the freezing night) reached the corresponding interval. For example: a night with the lowest temperature equal -5°C was included in the frequency of the -4.1 to -6.0°C interval only, and it was not included in the other (higher-temperature) intervals. The total sum of minus temperatures was calculated and compared between individual height zones at each location.
Data were assessed by means of a binomial test with subsequent multiple comparisons described by Anděl (1998) , based on previous proofs of Hayter (1984) and significant differences examined on a 95% level of confidence. The features of the test were as follows: let n i be the number of measurements of variable x and x i the number of observations in which the variable x showed a positive result. Further K be the number of compared variables. The difference between the j th and i th quantity is statistically significant (on an α level of confidence) when equation:
( 1) where: 
RESULTS
The general dynamics of frost episodes in frost hollows in this study resembles the typical examples given by Geiger (1950) . The typical course of a frost event is presented in Fig. 1 , with a rapid decrease in temperature following the sunset (point A in Fig. 1) , then, when dew point temperature is reached, the temperature decrease is decelerated (point B in Fig. 1 ). The next reduction in the rate of temperature decrease or even a temperature increase could be due to wind, clouds or fog (point C in Fig. 1 ). The lowest temperature is usually reached at the point when the sunrise begins (point D in Fig. 1 ), followed by a rapid temperature rise. The one-day amplitude of soil temperature (10 cm under the ground) is negligible. [4] Tables 3 and 4) represent the number of the nights when the lowest temperature (recorded during the freezing night) reached the corresponding interval. For example: a night with the lowest temperature equal -5 °C was included in the frequency of the -4.1 to -6.0°C interval only, and it was not included in the other (higher-temperature) intervals. The total sum of minus temperatures was calculated and compared between individual height zones at each location.
Data were assessed by means of a binomial test with subsequent multiple comparisons described by ANDĚL (1998) , based on previous proofs of HAYTER (1984) and significant differences examined on a 95% level of confidence. The features of the test were as follows: let be the number of measurements of variable and the number of observations in which the variable showed a positive result. Further be the number of compared variables. The difference between the th and th quantity is statistically significant (on an α level of confidence) when:
where:
,∞ -critical value of the studentized range.
The general dynamics of frost episodes in frost hollows in this study resembles the typical examples given by GEIGER (1950) . The typical course of a frost event is presented in Fig. 1 , with a rapid decrease in temperature following the sunset (point A in Fig. 1) , then, when dew point temperature is reached, the temperature decrease is decelerated (point B in Fig. 1 ). The next reduction in the rate of temperature decrease or even a temperature increase could be due to wind, clouds or fog (point C in Fig. 1 ). The lowest temperature is usually reached at the point when the sunrise begins (point D in Fig. 1 ), followed by a rapid temperature rise. The one-day amplitude of soil temperature (10 cm under the ground) is negligible. Tables 3 and 4. Table 3 shows the values in the Jelenka locality in 2010. There was only a minor difference in the number of freezing nights between monitored zones, but the amount of freezing hours was considerably different, the zone of 30 cm above the ground experiencing the highest amount of them; the difference between 200 cm and 30 cm zones was significant according to the binomial test. Despite technical problems and interruptions in the measurements (due to damage by mice and UV radiation), extensive data was acquired. The sub-zero temperatures would usually occur only during the clear and calm nights (only very rarely during the day when there was a heavy advection of cold arctic air often connected with the snowfall). On the other hand, nocturnal frost episodes can occur quite often, even in the summer months in this locality. The lowest recorded extreme temperature within the measuring period occurred in Smědavská silnice when during the frost period on May 3-4, 2011 the temperature dropped down to -12.9 °C at 5:00 (= UTC + 2 h); simultaneously at Jelenka station the temperature decreased to -12.4 °C ( Table 2) . Table 4 shows the frequency of freezing nights (f.n.) and freezing hours (f.h.) in all locations measured in 2011 and 2012. The lowest zone above the ground experienced the highest number of freezing nights in all locations situated in frost hollows. A statistically significant difference was found in Promenádní in 2012 between the 200 cm and 30 cm zone. In the slope-situated location Jelení stráň the number of freezing nights was comparable in all three zones and not significant and the total amount of frost episodes was lower than in the sites situated in the valley bottom.
The number of freezing hours was highest at the 30 cm zone above the ground in all locations, with Jelení stráň being the least prominent again. Significant differences were recorded within plots located in the valley. In the 2011 data, statistical significance was found in Promenádní plot between the 200 and 30 cm zone. In the 2012 data, a significant difference was found in Jelenka plot between the 200 and 30 cm zone and in Promenádní between 200 and 30 cm as well as between 100 and 30 cm. These results point out the prominence of the nearground zone (+30 cm) in terms of duration of late frosts in this location. Our data confirmed the results reported in Balcar et al. (2009) .
According to the total amount of freezing hours the evaluated season in 2011 was much colder than that following in 2012. Data in Table 5 confirmed the trend that the zone closest to the ground level experiences most of the severe temperatures during frost episodes, the total sum of sub-zero temperatures is highest in the 30 cm zone in all plots located frost hollows. The difference in the sum of sub-zero hourly records between 100 and 30 cm was generally more distinct than that between the 200 and 100 cm zone in frost hollows, whereas in slopelocated plots the contrast is somewhat smaller.
The sole data from 2010 are from the Jelenka sample plot located in the valley: -0.7 -1.7 -3.0 -3.1 -3.1 -3.4 -4.4 -3.6 -3.7 -3.5 -4.8 -3.0 -3.1 These data showed less frequent occurrence of late frosts than in the two successive seasons, but the trend of temperature differences along each suggested zone was maintained.
The values of minimal temperature are shown in Table 6 . Differences in the severity of frost between different heights above the ground were repeatedly proved in both the slope locations and frost hollows. However, the sum of freezing hours and nights is significantly higher in the valley while slope locations are experiencing only a fraction of freezing time compared to frost hollows (Table 7) . Individual differences in the accumulated sum of sub-zero temperature values from summer 2012 are documented in Table 8 . 
DISCUSSION
Our results are in agreement with conclusions of Špulák (2009b) , who also described greater differences between temperatures and more frost episodes at low heights above the ground. In this study, more severe freezing episodes generally occurred near the ground (+30 cm) and in the literature this is associated with severe damage to tree buds situated in the zone between the ground level and 1 m above the ground (Balcar et al. 2011) . The dynamics of a frost episode and duration of frost during the night have to be considered among many factors associated with the vitality of planted trees. These findings could serve as a provisional reason for testing the large-sized planting stock (saplings) under such conditions.
Severe frost damage or mortality can usually begin to occur (depending on the tree species) if the temperature drops below -2 to -5°C during the active growing season when the seedling is not in a hardened condition (Spittlehouse, Stathers 1990) . It is supposed that particularly severe injuries to forest trees by late frosts can develop when relatively high temperatures occur by daylight and the temperature of a subsequent night drops below 0°C. Frost extremes are considered among the factors which caused the birch dieback in the Sudeten Mountains in 1996/97 (Balcar 2001) . Steyerer (2011) reported that the occurrence of large differences in temperature within 24 hours between the day and night at the beginning of vegetation season caused abiotic damage to many trees of various species in many Austrian regions. The frost-drought caused by the combination of solid frozen soil and extreme fluctuation of air temperature resulted in water deficiency in aboveground parts of plants.
CONCLUSION
Great differences in microclimatic conditions from site to another are obvious (Jelenka × Jelení stráň), given by differences in the relief and subsequently variation in the pattern of cold air flow. The most severe temperature extremes are expected in cold valleys, whereas the localities situated on the slopes and ridges only several meters above the valley bottom hardly experience any late frost episodes in spring. It was found that the most severe late frost episodes take place in the lowest layer above the ground.
The aim is to adopt the right silvicultural and reforestation methods that enable both the good survival and growth and also optimal cost effectiveness. Significant occurrence of severe late frost episodes in the layer of air immediately above the ground in frost-hollow sites supports the proposal to test further the method of reforestation with advanced large-sized planting stock. 
